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ARCHITECTURE AND IMPLEMENTATION METHODS OF DIGITAL 
PREDISTORTION CIRCUITRY 

Field of the Invention 

This invention relates generally to radio frequency (RF) power amplifiers, 
and more particularly to an apparatus and method for applying signal 
predistortion to linearize such amplifiers, and reduce adjacent channel power 
(ACP). 

5 

Background of the Invention 

Ideal, or theoretical, radio frequency (RF) power amplifiers act linearly, 
faithfully reproducing an amplified RF signal at their output without distortion. 
Unfortunately, in practice, physical RF power amplifiers are actually non-linear 
10 and add a certain amount of unwanted distortion to a signal, e.g., 
intermodulation distortion (IMD). A portion of such IMD is then realized as 
adjacent channel power (ACP), and potentially causes adjacent channel 
interference. Moreover, physical amplifiers have a finite ability to deliver gain 
and/or power. 

1 5 RF power amplifiers are often operated and configured in such a manner 

so as to provide sufficient output power at the lowest possible cost. In general, 

1 



the cost of an amplifier increases with its maximum output power. Therefore, to 
maximize the cost effectiveness of a given RF power amplifier, the amplifier is 
operated close to a saturation point to provide as much output power as 
possible. Operation of an amplifier close to saturation affords additional output 
5 power but is often at the expense of an increase in ACP thereby increasing the 
potential for adjacent channel interference. 

Specifically, operation of an amplifier close to saturation increases the 
power of unwanted IMD products within the normal operating frequency range of 
the amplifier. These IMD products may impede the proper transmission and 

10 reception of RF signals within the normal operating frequency range of the 
amplifier. To address this issue, numerous techniques have been developed to 
reduce IMD products from an amplified signal both within and also outside the 
operating frequency range of an amplifier. Such techniques include 
predistortion, feed-forward, and linear amplification with non-linear components 

15 (LINC). Predistortion techniques are described further below. 

Recent increases in the demand for wireless communications devices 
have led to new frequency bands to increase capacity, such as, for example, the 
Universal Mobile Telecommunications System (UMTS) developed by the 
European Telecommunications Standard Institute for delivering 3G (third 

20 generation) services. Modern transmission protocols, such as UMTS, demand 
high linearity to prevent RF energy in one band from spilling over and interfering 
with other proximate channels and/or bands. Certain modern transmission 
protocols also have high Peak-to-Average Power Ratio (PAR) carrier signals that 
make efficient linear amplifiers difficult to design for such applications. 
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Another issue to be addressed is that, adjacent channel interference may 
be compounded as a result of the close proximity of frequency bands. RF power 
amplifiers therefore must operate at high drive levels in order to achieve the high 
linearity demanded by broadband applications. Energy leakage resulting from 
5 one band spilling over into another can undesirably degrade the signal-to-noise 
(SNR) ratio or bit-error rate (BER) of the proximate frequency band. 

In practice, it is unnecessary to completely eliminate all ACP and/or 
adjacent channel interference for a selected center frequency. Certain tolerable 
levels of ACP are acceptable. When the terms "eliminate" or "reduce" are used 

10 herein with reference to ACP, it is understood that the ACP should be 
suppressed below a certain tolerable level, even though it will often not be 
entirely eliminated. 

To address the issues noted above, predistortion circuits, or, more simply, 
predistorters, have been developed that allow the operation of RF power 

15 amplifiers close to saturation but also with improved linearity thereby reducing 
ACP and the potential for adjacent channel interference. Generally, predistorters 
multiply an input signal by the multiplicative inverse of the distortion in the 
response of an amplifier. This develops a predistorted signal, which is then 
applied to the amplifier. When the amplifier amplifies the predistorted signal, the 

20 distortions due to non-linearities in the response of the amplifier are cancelled by 
the predistortions in the predistorted signal. This results in an improvement in 
the linearity of the amplifier, particularly when the amplifier is operated close to 
saturation. 

While such predistorters address linearity issues, they also increase the 
25 cost of amplification, though typically less so than resorting to a higher power 
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amplifier operated at a reduced output level. Generally, such predistorters may 
be either analog or digitally based, depending on the type of processing used. 
Moreover, predistorters will modify an RF input signal as a function of 
instantaneous input signal power (e.g., amplitude and phase) as well as the rate 
5 of change in the input signal power (e.g., memory effects such as self-heating, 
odd order distortion products, power supply compensation, etc.). 

Digitally based predistorters often use look-up tables (LUTs) stored in 
memory to provide predistortion or correction factors to an input signal. Since 
some digitally based predistorters compensate based on both the instantaneous 

10 input signal envelope (input signal power) and the rate of change in the input 
signal envelope, a first pair of LUTs are often used for amplitude and phase 
correction (e.g., one for in-phase (I) and one for quadrature-phase (Q) signals) 
while a second pair of LUTs are used to compensate for memory effects in I and 
Q. Moreover, by virtue of the need to modulate an input signal onto a carrier, 

1 5 such predistorters often include a modulator and a third pair of LUTs containing 
magnitude and phase correction factors for I and Q signals, respectively, for the 
modulator. The use of these numerous LUTs significantly increases the memory 
requirements and, consequently, the cost of the predistorter and the amplifier 
associated therewith. Moreover, the use of multiple LUTs creates numerous 

20 other problems as well. 

When multiple LUTs are used, some provision must be made for 
combining the correction factors from the tables. The problem of combining the 
correction factors is exacerbated by the application of the difference equation to 
the LUTs that correct for memory effects. The straightforward interpretation of 

25 the difference equation is to add to the current sample, or correction factor, the 



4 



difference between the subsequent sample and the previous sample. Delay 
circuitry, or clocking, is typically used to apply the desired sequencing to the 
samples. A practical problem exists in that it is difficult to execute a fast three- 
operand function to meet requirements imposed by industry on many 
5 predistorters. Additionally, the use of delay circuits also increases the cost of a 
predistorter. 

Another problem encountered in many digitally based predistorter 
implementations deals with the storing of correction factors in the LUTs. In 
calibrating digitally based predistorters with LUTs for a particular amplifier, 

10 coefficients are transmitted or loaded into the LUTs in memory. Often, it is 
desirable to read back the coefficients from the LUTs to verify whether or not the 
coefficients were loaded or stored correctly. Such loading or reading back of 
correction factors requires a substantial amount of processing time and may 
cause a brief interruption, or glitch, in the output of the amplifier if performed 

15 while the amplifier is in use. 

Yet another problem associated with LUTs deals with the number and/or 
size of the LUTs. Since the LUTs stored in memory may become rather large, 
and memory increases the cost of the predistorter, the use of multiple large 
LUTs to correct for instantaneous amplitude and phase and memory effects, as 

20 well as a modulator, leads to a more costly predistorter. 

Existing predistorters operate in an environment where signals are 
modulated according to a single known modulation format. For example, RF 
signals may be modulated in accordance with one of any number of modulation 
formats which are well known in the art, including, TDMA, GSM, CDMA, 

25 WCDMA, QAM, and OFDM, to name but a few. For example, the bandwidth for 
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a WCDMA signal is 3.84 MHz (wideband), and the bandwidth for a CDMA signal 
is 1 .25 MHz. By contrast, a GSM signal has a bandwidth of 200 kHz, and a 
TDMA signal has a bandwidth of only 30 kHz (narrowband). If the signals are 
located in a PCS frequency band (1920 to 1980 MHz), a 60 MHz bandwidth is 
5 used. Thus, the bandwidth of a signal, depending on the modulation format and 
band used, may vary from 30 kHz to 3.84 MHz. As a result, the number of the 
LUTs may vary accordingly, since correction may be required over a greater or 
lesser bandwidth. Moreover, the requirements for ACP may also vary based on 
the modulation format utilized. 
10 Therefore, a need exists for an IMD reduction technique that corrects for 

instantaneous amplitude and phase, memory effects, and a modulator having 
reduced memory requirements and faster processing without exhibiting glitches 
while at reduced cost. 

15 Brief Description of the Drawings 

The accompanying drawings, which are incorporated in and constitute a 
part of this specification, illustrate embodiments of the invention and, together 
with the detailed description given below, serve to explain the principles of the 
invention. 

20 Figure 1 is a schematic diagram of an embodiment of an amplifier system 

including a predistorter configured for use with a radio frequency (RF) power 
amplifier, and in accordance with the principles of the present invention; 

Figure 2 is a more detailed schematic diagram of the predistorter shown in 
Figure 1 ; 



Figure 3 is a schematic diagram of a circuit for applying the difference 
equation in the predistorter of Figures 1 and 2; 

Figure 4 is a schematic diagram of a circuit for transferring correction 
and/or scaling factors into the data structure shown in Figures 1 and 2; 
5 Figure 5 is a schematic diagram of a circuit for calculating correction 

factors that may be used in compensating for memory effects in the RF power 
amplifier shown in Figure 1 from scaling factors transferred by the circuit shown 
in Figure 4, and within a data structure; and, 

Figure 6 illustrates a message containing scale factors used in calculating 
10 the correction factors in the circuit of Figure 5. 
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Detailed D scription of the Drawings 

With reference to Figures 1-6, wherein like numerals denote like parts, 
there is shown a predistorter for use with a radio frequency (RF) power amplifier. 
The predistorter is configured to reduce non-linearities in the response of the RF 
5 power amplifier, thereby reducing adjacent channel power (ACP) and the 
potential for adjacent channel interference. More specifically, and in accordance 
with one aspect, the present invention combines in a data structure corrections 
for amplitude and phase errors in the RF power amplifier with corrections for 
non-linearities associated with a modulator used therein. In accordance with 

1 0 another aspect of the present invention, the present invention omits corrections 
for memory effects in a modulator used therewith. In accordance with another 
aspect of the present invention, a circuit is provided for applying a difference 
equation in compensating for memory effects in the RF power amplifier. The 
present invention also transfers scaling factors into a data structure, calculates 

15 correction factors using a polynomial within the data structure, and populates 
look-up tables with correction factors within the data structure that are then used 
to compensate for memory effects in an RF power amplifier. Additionally, the 
present invention scales the correction factors that compensate for memory 
effects to reduce memory size. 

20 Referring now to Figure 1, there is shown one embodiment 10 of an 

amplifier system in accordance with the principles of the present invention. 
Amplifier system or amplifier 10 comprises RF power amplifier 12 and 
predistorter or predistortion components 14. Predistorter 14 is coupled to RF 
power amplifier or amplifier components 12 and is configured to receive an RF 

25 input signal (RF INPUT) and apply a correction or predistortion thereto, as 



indicated at PREDISTORTED SIGNAL. The RF input signal (RF INPUT) may be 
a data stream that is converted to comprise in-phase (I) and quadrature-phase 
(Q) components carried by an RF frequency, e.g., a carrier frequency, the I and 
Q components being orthogonally related, and ultimately used to bi-phase 
5 modulate the RF carrier. Such an RF input signal (RF INPUT), as well as the 
benefits of using such a signal, are well known in the art. 

RF power amplifier 12 is configured to amplify the predistorted signal 
(PREDISTORTED SIGNAL), as indicated at RF OUTPUT, and may be coupled 
to an antenna (not shown) for purposes of transmitting the RF input signal (RF 

1 0 INPUT). RF amplifier 1 2 is typical of RF power amplifiers known to those of skill 
in the art having a non-linear response that adds a certain amount of unwanted 
distortion, e.g., intermodulation distortion (IMD), in amplifying a signal, a portion 
of such IMD being realized as ACP, and potentially causing adjacent channel 
interference. RF power amplifier 12 may be configured for operation using any 

15 one of a number of known modulation formats which are also well known, 
including, TDMA, GSM, CDMA, WCDMA, QAM, and OFDM, to name but a few. 
RF power amplifier 12 exhibits such non-linearities in response across its 
operating frequency bandwidth and/or range resulting in ACP that may be in 
excess of standards typically associated with one of these known modulation 

20 formats. Those skilled in the art will appreciate that the type of RF amplifier does 
not limit the present invention, nor does the modulation scheme used. Rather, 
the present invention applies equally well to all types of RF amplifiers and 
modulation schemes and standards, both presently known and yet unknown. 
Predistorter 14 comprises a data structure 16 and a vector modulator 22 

25 for predistorting or applying correction factors to the RF input signal (RF INPUT) 



to thereby compensate or correct for non-linearities in the response of RF power 
amplifier 12. Such predistortion reduces ACP, as may be measured at RF 
OUTPUT by those of skill in the art, while reducing the potential for adjacent 
channel interference. 
5 In the present embodiment 10, data structure 16 may be realized in a 

Field-Programmable Gate Array (FPGA), as will be appreciated by those of skill 
in the art having the benefit of the instant disclosure. Alternatively, an 
application-specific integrated circuit (ASIC) may be used. Data structure 16 
may also be one or more memory chips, e.g., FPGAs or any other storage 
10 device, and may be embedded on logic chips. Thus, those skilled in the art will 
also appreciate that practically any form or type of memory may be used as 
desired for data structure 16 without departing from the spirit of the present 
invention. 

More specifically, vector modulator 22 applies I and Q correction factors 
15 from LUTs 18a, 18b to the RF input signal (RF INPUT). As a practical matter, 
and like amplifier 12, vector modulator 22 also has a non-linear response with 
respect to both amplitude and phase. Generally, non-linearities exhibited by a 
vector modulator will be considerably less than those exhibited by an RF power 
amplifier. However, despite being considerably less, non-linearities of a vector 
20 modulator may also result in an increase in ACP and the potential for adjacent 
channel interference. 

To this end, predistorters may include additional LUTs having correction 
factors specific to correction for amplitude and phase non-linearities in a vector 
modulator. The inclusion of these additional LUTs increases the memory 
25 requirements for a predistorter, thereby increasing the cost. The inclusion of 
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additional LUTs also increases time necessary to load correction factors into the 
predistorter, thereby increasing the settling time as will be described in more 
detail hereinafter. As will be appreciated by those of skill in the art, other 
problems and/or limitations may also be introduced by the inclusion of additional 
5 LUTs dedicated to correction for non-linearities in a vector modulator. 

In contrast, and in accordance with one aspect, the present invention 
recognizes the relative difference in magnitude of the non-linearities associated 
with an RF power amplifier and a vector modulator and combines in a data 
structure corrections for amplitude and phase errors in an RF power amplifier 

10 with corrections for non-linearities associated with a modulator used therein. 
Such a combining of corrections in single correction factors eliminates the need 
for a pair of LUTs dedicated to correction for non-linearities in a vector 
modulator. Moreover, by combining corrections memory requirements for a 
predistorter are reduced, along with the associated costs therefore. The time 

15 required to load correction factors into memory is likewise reduced, thereby 
reducing the settling time. 

For example, and as illustrated in embodiment 10 of Figure 1, data 
structure 1 6 comprises a first pair of LUTs 1 8a, 1 8b containing correction factors 
for amplitude and phase corrections, e.g., one for in-phase (I) 18a and one for 

20 quadrature-phase (Q) 18b signal components, in the response of RF power 
amplifier 12. Further, the correction factors in LUTs 18a, 18b also include 
magnitude and phase correction for vector modulator 22 used therewith. By 
combining the amplitude and phase corrections for RF power amplifier 12 with 
the amplitude and phase corrections for vector modulator 22, the present 

25 invention reduces the number of LUTs often found in many predistorters, and 
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thereby reduces memory requirements. Such a reduction in memory 
requirements may result in a cost savings, while improving the response time of 
amplifier system 10, as will be discussed hereinafter. 

Data structure 16 further comprises a second pair of LUTs 20a, 20b, 
5 again, one for I and one for Q, respectively, to compensate for memory effects in 
the response of RF power amplifier 1 2. Memory effects in RF power amplifiers 
are well known to those of skill in the art. Generally, memory effects cause 
additional odd order, e.g., 3 rd , 5 th , 7 th , etc., distortion, such distortion also being 
termed IMD products, and resulting in ACP and the potential for adjacent 

10 channel interference. For example, memory effects may include, but are not 
limited to, self-heating of the RF power amplifier and decoupling of the RF power 
amplifier from a power supply. In self-heating, as the RF power amplifier power 
level increases, heat is built up in the devices used in the RF power amplifier. 
Conversely, a decrease in the power level causes cooling of the devices. Such 

15 heating and cooling of the devices generally results in odd order distortion. 
Similarly, during rapid changes in response to an input signal, the drain of a 
semiconductor device used in the RF power amplifier may be tightly coupled to 
loading variations exhibited by the power supply used for the amplifier, giving 
rise to odd order distortion. Those skilled in the art will be aware of other 

20 potential memory effects and the benefits of compensating as desired therefore. 

Generally, corrections are desired for both amplitude and phase non- 
linearities and memory effects in an RF power amplifier to achieve the greatest 
reduction in ACP. Corrections are also desired for amplitude and phase non- 
linearities in a modulator used to apply the corrections. Typically, modulators do 

25 not suffer from memory effects, as they are generally passive devices. In 
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recognition of modulators not suffering from memory effects and in accordance 
with another aspect, the present invention omits corrections for memory effects 
in a modulator. 

Returning to corrections for amplitude and phase non-linearities and 
5 memory effects in an RF power amplifier and amplitude and phase non- 
linearities in a modulator, one approach is to ignore the memory effects in the RF 
power amplifier and compensate just for amplitude and phase non-linearities in 
the RF power amplifier and the modulator, accepting an increase in ACP due to 
memory effects. In this approach, a single pair of LUTs may be used (such as 

1 0 LUTs 1 8a, 1 8b shown in Figure 1 ), combining the corrections for amplitude and 
phase non-linearities in the RF power and the modulator. Unfortunately, such an 
approach may not realize the greatest reduction in ACP and may not adequately 
reduce ACP to meet standards prescribed by a particular modulation scheme. 
However, such an approach may meet standards associated with some 

15 modulation schemes and this may be accomplished in accordance with the 
present invention. 

Another approach is to use three pairs of LUTs, each pair dedicated to 
correcting for l/Q amplitude and phase non-linearities in an RF power amplifier, 
memory effects in an RF power amplifier, and amplitude and phase non- 
20 linearities in a modulator, respectively. This approach assumes that separate 
LUTs are required since differences may not be predicted based on a specific 
signal. As such, Figures 1 and 2 would each have and additional pair of LUTs in 
accordance with such an embodiment of the invention. 

However, it has been found that the spread or range of correction values 
25 in the LUTs associated with correction for memory effects in an RF power 
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amplifier is rather small. In addition, the correction factors associated with 
corrections for memory effects in an RF power amplifier are also rather small in 
magnitude in comparison to correction factors associated with amplitude and 
phase non-linearities in an RF power amplifier and a modulator. Thus, one 
5 embodiment of the invention combines the amplitude and phase correction for 
an RF power amplifier with the amplitude and phase correction for a modulator in 
a first pair of LUTs, e.g., 18a, 18b, while using a second pair of LUTs, e.g., 20a, 
20b, to compensate for memory effects in an RF power amplifier. 

Turning to how correction factors are selected, amplifier system 1 0 further 

1 0 comprises coupler 24. Coupler 24 is coupled to predistorter 14 and receives RF 
input signal (RF INPUT). Coupler 24 is configured to sample a portion of the RF 
input signal (RF INPUT) power so that predistorter 14 may modify the RF input 
signal (RF INPUT) as a function of both the instantaneous input signal power 
and the rate of change in the input signal power, as will be described hereinafter. 

15 Those skilled in the art will appreciate that predistorter 14 may, in other 
embodiments, alternatively comprise coupler 24 without departing from the spirit 
of the present invention. 

Referring now to Figure 2, a more detailed schematic of predistorter 14, 
shown in Figure 1 , is provided. It will be noted that coupler 24 has been included 

20 for ease of explanation. As illustrated in Figure 2, predistorter 14 comprises data 
structure 16, envelope detector 26, analog-to-digital converter (ADC) 28, 
differentiator circuits 30a, 30b, summers 32a, 32b, digital-to-analog converters 
(DACs) 34a, 34b, and vector modulator 22. Data structure 16 comprises a first 
pair of LUTs 18a, 18b and a second pair of LUTs 20a, 20b, as previously 
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described in conjunction with Figure 1. Differentiator circuits 30a, 30b and 
summers 32a, 32b are part of circuits 36a, 36b, respectively. 

In operation, coupler 24 couples a sampled portion of the RF input signal 
(RF INPUT) to envelope detector 26. Envelope detector 26 generates an analog 
5 signal that is representative of the instantaneous input signal envelope from the 
sampled portion of the RF input signal (RF INPUT), coupling the analog signal to 
ADC 28. ADC 28 converts the analog signal to a digital signal. ADC 28 couples 
the digital signal representative of the instantaneous input signal envelope to 
data structure 16, wherein the signal is coupled to LUTs 18a, 20a, 18b, 20b and 

10 used to select appropriate correction factors. Based on the signal representing 
the RF input, the tables are accessed to obtain the desired correction factors 
according to look-up table principles. 

LUTs 18a, 20a, 18b, 20b provide selected correction factors to summer 
32a, differentiator circuit 30a, summer 32b and differentiator circuit 30b within 

1 5 circuits 36a, 36b, respectively. Differentiator circuits 30a, 30b are configured to 
apply a difference equation to successive corrections factors to thereby 
predistort the RF input signal (RF INPUT) based the on the rate of change of the 
input signal power. That is, differentiator circuits 30a, 30b provide correction 
factors that account for the inability of the amplifier to rapidly change output 

20 power level. The causes for amplifier inability to rapidly change output levels 
may be due to, for example, self heating of active devices in the amplifier, 
decoupling of active devices in the amplifier from a power supply, etc. Such 
causes are generally referred to as memory effects. Thus, such an application 
of a difference equation allows correction for memory effects exhibited by an 

25 amplifier. 

15 



Summers 32a, 32b are configured to combine the correction factors from 
LUTs 18a, 18b for amplitude and phase correction associated with the 
instantaneous input signal power and correction factors from LUTs 20a, 20b for 
correction derived from the application of a difference equation, and associated 
5 with the rate of change of the input signal envelope. Summers 32a, 32b 
therefore output digital signals that compensate based on both the 
instantaneous input signal envelope and the rate of change in the input signal 
power, coupling the signals to DACs 34a, 34b, respectively. 

DACs 34a, 34b convert the digital signals to analog signals, coupling the 
10 analog signals to vector modulator 22. Vector modulator 22 is configured to 
combine the analog signals with the RF input signal (RF INPUT), also coupled 
thereto, to provide a predistorted signal (PREDISTORTED SIGNAL) for use in 
compensating for non-linearities in an RF power amplifier, such as RF amplifier 
12, shown in Figure 1, to thereby reduce ACP and the potential for adjacent 
15 channel interference. 

Referring now to Figure 3, and in accordance with a second aspect of the 
present invention, circuit 40 is provided for applying a difference equation in 
compensating for memory effects in an RF power amplifier. 

The straightforward interpretation of a difference equation is to add to the 
20 current sample (e.g., sample 2), or correction factor, the difference between the 
subsequent sample (e.g., sample 3), or correction factor, and the previous 
sample (e.g., sample 1), or correction factor, to arrive at a new sample or 
correction factor (e.g., sample 4, where samples (3-1 )+2 = 4). Delay circuitry, or 
clocking, is typically used to apply the desired sequencing to the samples. 
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A practical problem exists in the prior art in that it is difficult with current 
delay circuitry to execute a fast three-operand function to meet requirements, 
e.g., settling time or the time required to bring the RF power amplifier into 
specification, imposed by industry on many predistorters. The use of delay 
5 circuits also increases the cost of a predistorter. 

Circuit 40 addresses problems in the prior art and provides a unique and 
straightforward application of a difference equation to reduce delay and also to 
reduce the associated costs. Circuit 40, as illustrated in Figure 3, may also 
serve as an alternative to circuits 36a, 36b, shown in Figure 2. To more clearly 

10 show connectivity to circuit 40, LUTs 18a, 18b, 20a, 20b and DACs 34a, 34b 
shown in Figure 2, have also been included in Figure 3. 

As illustrated, circuit 40 comprises subtracter 42, delay circuits 44a, 44b, 
and summer 46. One example of a delay circuit is a flip-flop. Other types of 
delay circuits will be readily apparent to those of skill in the art. 

15 As will be appreciated by those of skill in the art, a clock (not shown) is 

coupled to delay circuits 44a, 44b for purposes of providing timing and/or 
delaying correction factors or samples from LUTs 18a, 18b, 20a, 20b. 

It will also be appreciated that in a digital predistorter, such as predistorter 
14 shown in Figures 1 and 2, samples of the RF input signal (RF INPUT) will be 

20 taken and correction factors selected based thereon. Thus, at any given point in 
time, there will be a sample of the input signal (RF INPUT) and corresponding 
correction factors for that sample. Therefore, in the following discussion, the 
terms correction factors and samples may be used interchangeably with regard 
to LUTs, but it will be understood that correction factors or samples from the 

25 LUTs are based on corresponding samples of the RF input signal. 



In operation, samples from LUTs 18a, 18b are coupled to subtracter 42. 
Similarly, samples from LUTs 20a, 20b are coupled to delay circuit 44a and 
summer 46. Delay circuit 44a delays the application of samples from LUTs 20a, 
20b, coupling the samples to subtracter 42. Subtracter 42 subtracts from the 
5 subsequent samples (e.g., sample 3) from LUTs 18a, 18b the current sample 
(e.g., sample 2) from LUTs 20a, 20b. This mathematically creates 3-2 in sample 
chronology. The difference result is coupled to delay circuit 44b. Delay circuit 
44b delays the result of the subtraction one sample. The subsequent sample 
minus the current sample (or e.g., 3-2) then becomes the current sample minus 

10 the previous sample (or e.g., 2-1). The delayed result is then coupled to summer 
46. It will be noted that the subsequent sample, e.g., sample 3, is now coupled 
from LUTs 20a, 20b to summer 46. Summer 46 adds the current sample minus 
the previous sample (e.g., 2-1) to the subsequent sample (e.g., sample 3) to 
arrive at a new sample or correction factor (e.g., sample 4). Specifically, 

1 5 samples 2-1 +3 = 4, and the result is coupled to DACs 34a, 34b. Thus, circuit 40 
achieves the application of a difference equation but does so in a way that 
addresses problems in the prior art. For example, the invention reduces delay 
and the associated costs, requiring fewer delay circuits or, for example, flip-flops. 
Turning now to Figure 4, an additional aspect of the present invention 

20 deals with storing correction factors in LUTs in a data structure. Storing 
correction factors in LUTs in a data structure may also be referred to as 
calibrating the LUTs and/or the amplifier system that uses a data structure 
containing LUTs. For example, and referring once again to Figure 1 , correction 
factors stored in LUTs 1 8a, 1 8b, 20a, 20b may be selected to minimize or reduce 

25 ACP, as measured at the output of RF power amplifier 12 (RF OUTPUT). The 
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correction factors in LUTs 18a, 18b, 20a, 20b are particular or specific to RF 
power amplifier 12, as gain and phase response characteristics typically vary 
from one RF power amplifier to the next. Such correction factors that are set up 
to be specific to RF power amplifier 1 2, and to minimize or reduce ACP, are thus 
5 said to calibrate the amplifier or amplifier system 10. 

One prior art approach to storing correction factors in LUTs is to serially 
transfer, each individual correction factor one at a time, into memory. 
Unfortunately, such an approach has various shortcomings. For instance, 
individually transferring each correction factor into memory one at a time takes a 

10 considerable amount of time. If the RF amplifier is in operation during the 
transfers, distortion may occur at the output of the RF amplifier for the duration 
of the transfers. Such distortion may be, and is often, referred to as a "glitch". 
Therefore, the transfer time affects the duration of such "glitches". Transfer time 
also dictates the amount of time necessary to bring an RF power amplifier into 

15 specification, e.g., settling time. Thus, it is desirable to minimize the time 
necessary to transfer correction factors into the LUTs, thereby minimizing 
glitches and reducing settling time. 

In contrast, and rather than serially transferring each individual correction 
factor used to compensate for memory effects in an amplifier, the present 

20 invention transfers scaling factors associated with coefficients of a polynomial 
into memory. This polynomial describes the correction factors normally found in 
the LUTs that correct for memory effects in an RF power amplifier. The present 
invention then uses the scaling factors with the polynomial to calculate the 
correction factors for memory effects in memory. Once the correction factors are 

25 calculated, they are used to populate the LUTs (such as LUTs 20a, 20b shown in 



Figures 1 and 2), and are thus stored in memory. This aspect of the present 
invention minimizes the time necessary to transfer correction factors for memory 
effects since in fact, only scaling factors are transferred. This aspect of the 
present invention thereby minimizes glitches and reduces settling time. 
5 For example, a polynomial describing the correction factors normally 

found in the LUTs that correct for memory effects in an RF power amplifier may 
be of the form Wx 2 + Yx 4 + (Offset). Further, and still in accordance with that 
aspect of the present invention that deals with storing correction factors in LUTs, 
such a polynomial may be scaled or offset. When such a polynomial is scaled or 

10 offset, as indicated, the minimum value of the polynomial is set equal to zero. 
Such scaling or offset is possible because corrections for memory effects 
depend on the difference in the correction factors, hence the use of the 
difference equation described above, and not the actual values of the correction 
factors. Further, since it generally requires less memory to store smaller values, 

15 the present invention reduces memory requirements necessary to store 
correction factors that correct for memory effects in an amplifier. 

Still referring to Figure 4, a schematic diagram of a circuit 50 for 
transferring correction and/or scaling factors into data structure 16 is illustrated. 
Again, data structure 16 comprises LUTs 18a, 18b, 20a, 20b that contain 

20 correction factors that correct for instantaneous amplitude and phase in an RF 
power amplifier and a modulator used therein and memory effects in an RF 
power amplifier, such as RF power amplifier 12 and modulator 22, shown in 
Figure 1 . Such correction factors for memory effects are calculated from scaling 
factors and based upon a polynomial describing the correction factors to be 

25 stored in LUTs 20a, 20b. Moreover, such a polynomial is scaled or offset as 
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noted above. Data structure 16 further comprises at least one circuit 74 
configured to calculate and scale or offset correction factors for memory effects. 
An example of such a circuit 74 will be provided and described in conjunction 
with Figure 5. A processor 58, coupled to circuit 50, may be used to provide the 
5 correction and scaling factors. 

Circuit 50 comprises serial data link 52, dual-port buffer 54, and transfer 
controller 56, individual examples for all of which are known in the art. 
Generally, circuit 50 is coupled to a processor and a data structure, such as 
processor 58 and data structure 16. More specifically, and as further illustrated 

10 in Figure 4, circuit 50 is coupled to LUTs 18a, 20a, also shown in Figures 1 and 
2. Those skilled in the art will appreciate that LUTs 18b, 20b may also be 
coupled to circuit 50; however, LUTs 18b, 20b are not included for ease of 
explanation, and because such explanation of LUTs 18b, 20b would be 
duplicative in nature to that of LUTs 18a, 20a. ADC 28 is, however, included. 

1 5 Serial data link 52 is coupled to processor 58, and is configured to receive 

and transmit correction and/or scaling factors, as will be described hereinafter. 
Processor 58 may be external to data structure 16, as illustrated in Figure 4, yet 
may alternatively comprise predistorter 14, shown in Figures 1 and 2. 

Processor 58 may be generally configured to load in and read-back 

20 correction and/or scaling factors from LUTs 1 8a, 1 8b, 20a, 20b in data structure 
16. Loading correction and/or scaling factors in LUTs allow calibration of the 
LUTs, as previously described and as will be further described, whereas reading- 
back correction factors allows assurance that the correction factors were loaded 
or stored properly in memory. 
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For example, LUTs 18a, 20a comprise read and write ports 60a, 60b and 
62a, 62b, respectively. Each port 60a, 60b, 62a, 62b comprises address and 
data portions 64a, 64b, 66a, 66b, 68a , 68b, 70a, 70b, respectively. 

Serial data link 52 is also coupled to dual-port buffer 54, transfer controller 
5 56, and LUTs 18a, 20a. Dual-port buffer 54 comprises a write port 54a and a 
read port 54b. More specifically, serial data link 52 transfers correction and/or 
scaling factors from processor 58 to write port 54a and reads-back correction 
factors from read port 54b. Read port 54b is coupled to data input DATA 66b of 
write port 60b of LUT 18a and circuit 74. Circuit 74 is coupled to data input 
1 0 DATA 70b of write port 62b of LUT 20a, and is configured to calculate correction 
factors for memory effects, as will be described in conjunction with Figure 5. The 
calculated correction factors are then used to populate LUTs 20a, 20b. 

Transfer controller 56 is also coupled to read port 54b of dual-port buffer 
54 and addresses ADDR 66a, 70a of write ports 60b, 62b of LUTs 18a, 20a, 
15 respectively, and is configured to address the ports and control the transfer of 
correction and/or scaling factors. The transfer of correction and/or scaling 
factors is initiated via a control line 72 coupling serial data link 52 and transfer 
controller 56. 

Once correction factors are stored in data structure 1 6, ADC 28 is coupled 
20 to addresses ADDR 64a, 68a of read ports 60a, 62a of LUTs 18a, 20a, 
respectively, and, in turn, couples the correction factors stored in data structure 
16 from data outputs DATA 64b, 68b for use in providing a predistorted signal, 
such as to vector modulator 22 shown in Figures 1 and 2. It will be appreciated 
that the loading of correction and/or scaling factors may coincide with the 
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operation of an RF power amplifier, such as RF power amplifier 12, shown in 
Figures 1 and 2. 

Referring now to Figures 5 and 6, Figure 5 illustrates a circuit 74 for 
calculating correction factors using a polynomial within memory, such as data 
5 structure 16, also shown in Figures 1-4, for use in compensating for memory 
effects in an RF power amplifier. That is, the outputs from circuit 74 are used to 
populate LUTs 20a, 20b or any other LUTs which provide correction factors that 
compensate for memory effects exhibited by the RF power amplifier. Circuit 74 
also scales or offsets the polynomial as will be described herein. Figure 6 
10 illustrates a message containing scale factors used in calculating the correction 
factors. 

Referring first to Figure 6, message 86 comprises two 12-bit words or 
signed-scale factors (W1, Y1) 76a, 76b, as indicated by sign bits 88a, 88b, 
respectively. In addition to sign bits 88a, 88b, each word (W1 , Y1 ) 76a, 76b also 

1 5 includes magnitude portions 90a, 90b. For example, each word (W1 , Y1 ) 76a, 
76b may be transferred in three 8-bit segments, as shown, when used in an 8-bit 
system, such as system 10 shown in Figure 1 . Also, words (W1 , Y1 ) 76a, 76b 
may be associated with in-phase (I) corrections, while additional signed-scale 
factors, e.g., (W2, Y2) 76c, 76d, shown in Figure 5, may be associated with 

20 quadrature-phase (Q) corrections and transferred in like manner. 

Those skilled in the art will appreciate that words of other lengths, either 
signed or unsigned may be used for scaling factors without departing from the 
spirit of the present invention. Moreover, such words may be transferred in 
segments having other than 8-bits, as may be desired by those of skill in the art. 
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Words (W1, Y1 and W2, Y2) 76a-d correspond to LUTs 20a, 20b, 
respectively, in data structure 16, and may be used to calculate the correction 
factors to be stored in LUTs 20a, 20b in data structure 16. Such calculations 
may be based on a polynomial describing the relationship between the 
5 correction factors used to correct for memory effects in an RF power amplifier as 
noted above. The words are coefficients or scaling factors for the polynomial 
that is used to provide the correction factors for memory effects. For example, 
words (W1 , Y1 , W2, Y2) 74a-d may be received by processor 58 and coupled to 
circuit 74, through circuit 50, as shown in Figure 4 and previously described. 

1 0 Turning now to Figure 5, a schematic diagram for circuit 74 that is used to 

calculate correction factors within data structure 16 is illustrated. Also included 
in Figure 5 for purposes of further illustration are LUTs 20a, 20b within data 
structure 16 and transfer controller 56. 

Circuit 74 comprises clock 80, counter 82, multipliers 84a-d, summers 

15 86a, 86b, and inverter 87, examples for all of which are well known to those of 
skill in the art. Clock 80 is coupled to counter 82 and is configured to cause 
counter 82 to count. Counter 82 begins counting based on an input from 
transfer controller 56, also shown in Figure 4. For example, when used in an 8- 
bit system, counter 82 may be configured to count from 0 to 255, e.g., 0,1,2, ... 

20 255, after which counter 82 stops. 

Counter 82 generally couples the count to multiplier 84c and LUTs 20a, 
20b. More specifically, and for example, counter 82 couples the count to the 
address (ADDR) 70a of write port 62b of LUT 20a, and uses the count to 
address the write port in writing correction factors to LUT 20a. Inverter 87 

25 coupled intermediate counter 82 and address (ADDR) 70a of write port 62b of 
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LUT 20a allows alternate enabling of addressing LUTs 20a, 20b. Those skilled 
in the art will appreciate that LUT 20b may also comprise a write port having 
addresses that correction factors may be written to; however, such a write port is 
not included for ease of explanation, and because such explanation would be 
5 duplicative in nature to that of LUT 20a. 

Multiplier 84c is configured to square the count. Thus, in keeping with the 
example, if the count is from 0 to 255, e.g., 0, 1, 2, 3, ... 255, then the squared 
count is 0, 1, 4, 9, ... 65,025. Multiplier 84c couples the squared count to 
multipliers 84a, 84d. Multiplier 84d is configured to square the squared count or 

1 0 raise the count to the fourth power. Thus, continuing with the example, the count 
to the fourth power, is 0, 1 , 16, 81, ... 4,228,250,625. 

Words containing scale factors are also coupled to multipliers 84a, 84b. 
For example, and as illustrated and described in conjunction with Figure 6, words 
(W1, Y1) 76a, 76b and (W2, Y2) 76c, 76d may be alternately coupled to 

1 5 multipliers 84a, 84b. Such alternate coupling may be accomplished through the 
use of switches 75a, 75b coupled intermediate words (W1, W2) 76a, 76c and 
(Y1 , Y2) 76b, 76d and multipliers 84a, 84b, respectively, switches 75a, 75b also 
being couple to and controlled by transfer controller 56. Words (W1 , Y1 , W2, 
Y2) 76a-d may be coupled from processor 58 and circuit 50 as shown and 

20 described in conjunction with Figure 4. 

Multipliers 84a, 84b are configured to multiply signed-scale factors within 
words (W1 , Y1 , W2, Y2) 76a-d by the squared count and the count to the fourth 
power, respectively. Thus, if the signed-scale factors are 12-bits, e.g., 11-bit 
plus a sign bit, the squared count is 0, 1, 4, 9, ... 65,025, or 16 bits, and the 

25 count to the fourth power, is 0, 1, 16, 81, ... 4,228,250,625, the products of these 



multiplications are 48-bits or more. Multipliers 84a, 84b truncate these products 
to 12-bits, using only the twelve most significant bits, as is common practice in 
digital systems that represent physical quantities. Multipliers 84a, 84b couple the 
12-bit products, e.g., Wx 2 , Yx 4 , where x is the count, to summers 86a, 86b, 
5 respectively. 

Also coupled to summer 86a is an offset 77. As will be appreciated by 
those of skill in the art, offset 77 may, like words (W1, Y1, W2, Y2), be 
transferred into data structure 16 from a processor 58 through a circuit 50, both 
of which are shown in Figure 4. Again, the use of an offset allows the minimum 
10 value of the polynomial to be set equal to zero, thereby reducing the required 
memory size for LUTs 20a, 20b. Summer 86a adds the offset 77 to the 12-bit 
product, e.g., Wx 2 , from multiplier 84a, coupling the resulting expression, e.g., 
Wx 2 + (Offset), to summer 86b. 

Summer 86b adds the 1 2-bit product, e.g., Yx 4 , from multiplier 84b to the 
15 expression from summer 86a, e.g., Wx 2 + (Offset), the resulting expression 
being Wx 2 + Yx 4 + (Offset), in keeping with the example. Summer 86b couples 
the resulting expression, e.g., Wx 2 + Yx 4 + (Offset), as correction factors to LUTs 
20a, 20b where they are stored based on corresponding addressing by counter 
82 and alternate enablement by transfer controller 56. LUTs 20a, 20b now each 
20 contain 256 12-bit correction factors. Thus, circuit 74 allows the calculation of 
correction factors that may be used to correct for memory effects in an RF power 
amplifier within a data structure. 

Thus, as described hereinabove, the present invention provides a 
predistorter for use with a RF power amplifier. Such a predistorter reduces non- 
25 linearities in the response of the RF power amplifier, thereby reducing ACP and 
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the potential for adjacent channel interference. More specifically, the present 
invention combines in a data structure corrections for amplitude and phase 
errors in the RF power amplifier with corrections for non-linearities associated 
with a modulator used therein. The present invention also omits corrections for 
5 memory effects in such a modulator. The present invention also provides a 
novel circuit for applying a difference equation in compensating for memory 
effects in the RF power amplifier. The present invention also transfers scaling 
factors into a data structure, calculates correction factors using a polynomial 
within the data structure, and populates look-up tables with correction factors 

1 0 within the data structure that are then used to compensate for memory effects in 
an RF power amplifier. The present invention also scales the correction factors 
that compensate for memory effects to reduce memory size. Thus, the present 
invention addresses those shortcomings identified in the prior art, as well others, 
not identified. In doing so, the present invention provides a predistorter with 

1 5 reduced memory requirements and settling time, while reducing the cost of the 
predistorter. 

Various additional modifications may be made to the illustrated 
embodiments without departing from the spirit and scope of the invention. 
Therefore, the invention lies in the claims hereinafter appended. 
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